We investigate the temperature dependence of the critical current and current-phase relation by taking into account the ferromagnetic scattering effect at interface in a d-wave superconductor (S)/ferromagnetic insulator layer (FI)/d-wave superconductor (S) junction. It is shown that both the barrier scattering and the roughness scattering at the interface always suppress the Andreev reflection. The Josephson critical currents depend to a great extent on the effective exchange field of the interface and the crystal orientation of the d-wave superconductor. The exchange field can lead to the change of the junction from 0 to π states and the alteration of the oscillation periods. It can also enhance the Josephson critical current in the junction under certain conditions.
Introduction
The advance of Josephson effect has received a longstanding interest in understanding unusual behavior in superconductor/insulator/superconductor junction [1] , it has been an interesting subject in condensed matter physics and studied in various situations [2] [3] [4] . Recently, superconductivity in the Cu-O high-T c superconductors is attracting much attention, particularly in view of the recent many experimental and theoretical are focus on the 1.88 0. 12 4 La Sr CuO and 1.85 0. 15 4 Sm Ce CuO −δ again [5, 6] . Some theoretical and experimental suggest 2 2 x y d − -wave symmetry in the pair potential in these material [7] , where a, b are defined as the 2 CuO plane of a and b axes. Using superconducting quantum-interference devices (SQUID), Josephson junctions [8] show results which are consistent with 2 2 x y d − -wave symmetry of the pair potentials. Josephson junctions are building elements of many electronic and electromagnetic mesoscopic structures, which are proved to be promising elements of superconducting classical and quantum circuits [9, 10] . In particular, junctions consisting of superconducting and ferromagnetic materials have been widely used as novel functional devices [11] . The ferromagnet (F) has been introduced to the Josephson tunnel structure, giving rise to some new physical effects. As an example, if very thin insulating layer in a S/I/S junction is replaced by thin ferromagnetic layer (with I denoting an insulating layer), a new type of S/F/S Josephson junction is formed [12] . Bergeret et al. [13] proposed a Josephson tunnel junction of two F/S bilayers separated by a thin insulating film. On the assumption that a thin F/S bilayer is equivalent to a homogeneous ferromagnetic superconductor (FS), the S/F/I/F/S structure may be simplified as a FS/FS junction. They found that the presence of an exchange field may increase the critical current in the FS/FS junction. By calculating a matrix current within the circuit transport theory, Yokoyama et al. [14] indicated that the Josephson current can be enhanced by the exchange field in s-wave superconductor/diffusive ferromagnet/p-wave superconductor junctions, there have been some similar phenomena with FS/I/FS junctions. Samal et al. [15] have also systematically studied the influence of the ferromagnetic layer on the magnetic and transport properties in superconductor/ferromagnet bilayer. It is known that the critical current of SFS junctions changes its sign and the ground state from 0 to π as a function of the ferromagnetic layer [16] , meanwhile, Rahnavard et al. [17] found the spin current associated with the 0 − π transition in a clean superconductor/normal metal/superconductor Josephson junction with triplet f-wave superconductors. There have been several theoretical doing works [18] [19] [20] .
In addition to these theory, several theories of Josephson junctions contain unconventional superconductors have been presented which take into account the anisotropy of the pair potential [21, 22] . Although all of them have succeeded in revealing some aspects of the Josephson effect, one more essential effect, the temperature dependence of the critical current and current-phase relation by taking into account the ferromagnetic scattering effect at interface in a d-wave superconductor (S)/ferromagnetic insulator layer (FI)/d-wave superconductor (S) (d/FI/d) junction, has not been devoted introduced yet. Since the formation of the zero-energy states (ZES) is a general phenomenon in unconventional superconductor junctions [23, 24] , the zerobias conductance peak (ZBCP) is also confirmed in d-wave superconductor junctions [25, 26] . Therefore, the Josephson effects of d-wave superconductor junction with a ferromagnetic insulator may be significantly modified by these interference effects.
In this article, we first assume [27] . By comparing the /4 /4 π −π junction with the 0 /4 − π junction, we have reported [28] that abrupt current and oscillation periods correlate with the crystal orientations of the superconductors on the two sides and barrier strength in a d/I/d junction. For more details on the numerical and analytical approaches, we refer the reader to Ref. 28 . The influence of ferromagnetic scattering on Josephson current in a d/FI/d junction is mainly presented in this paper and the result exhibits that superconducting junction with a ferromagnetic insulator shows more physical phenomena than which one with a normal metal insulator.
The model and calculation methods
The model of the junction is shown in Fig. 1 , we consider a two-dimensional d/FI/d junction structure, in which the left and right electrodes are made of d-wave S, and they are separated by very thin ferromagnetic insulating layer. The thin ferromagnetic insulating layers at = 0 x can be modeled to be a δ-type barrier potential ( ) = ( ).
V x U x δ
In the presence of interface roughness, the interface potential may be modeled [29, 30] ,
Where Î is the unit matrix and 3 τ is the Pauli matrix. In this effective potential, 0 U indicates the barrier strength, P describes the scattering effect during tunneling through the rough barrier, h U is the exchange potential at interface, and σ is the spin opposite to σ with ↑ and , ↓ = 1 σ η for = σ ↑ and = 1 σ η − for σ =↓ . As in the previous works, we neglect for simplicity the self-consistency of spatial distribution of the pair potential in superconductor and take them as a step function ( ) = ( )
where ( ) Δ θ is the pair potential for a d-wave S, with θ is the angle between the quasiparticle momentum and the interface normal at = 0.
x The L φ and R φ stand for the macroscopic phase of the left and right superconductor, respectively. ( ) Δ θ is described as
for 2 2
for . Fig. 1 . We adopt the Bogoliubov-de Gennes (BdG) approach [31] to study the transport coefficients of the quasiparticles in the d-wave S/FI/d-wave S structures. In the absence of spin-flip scattering, the four-component BdG equations may be decoupled into two sets of two-component equations: one for spin-up electronlike and spin-down holelike quasiparticle wave functions ( , ) , H r m Ur E − ∇ + − with ( ) U r the usual static potential, and the excitation energy E is measured relative to Fermi energy F E . Considering an electron for spin σ incident on the interface at = 0 x from left-hand S at angle θ to the interface normal, there are four possible trajectories: normal reflection (NR) ( b σ ), Andreev reflection (AR) ( a σ ) [32] , transmission to the right-hand electrode as an electronlike quasiparticle (ELQ) ( c σ ) and as a holelike quasiparticle 
for
and
are the wave vectors for the electronlike quasiparticles corresponding to two different transport directions,
are the wave vectors for the holelike quasiparticles corresponding to two different transport directions. The Bogoliubov amplitudes read
All the coefficients in Eqs. (5) and (6) can be determined by boundary condition at = 0.
x The matching conditions for the wave function are given by II
Here, we assume the condition of ( ).
Thus, we have made the approximation of (14)- (16) into Eq. (17), we obtain the Josephson critical current for configuration as for = = 0 α β 
and for = = / 4 α β π 
Similarly, we obtain the Josephson critical current for the configuration as for , by shown in Fig. 2 ,a, which phenomenon is the same as pointed out by Bergeret et al. in Ref. 18 . The presence of 0 h usually suppresses the Josephson critical current. However, we notice that the critical current is hanced by the exchange field at strong barrier strength 10 ( =3.0) z for 0-0 junction at low temperatures (shown in Fig. 2,b) . Meanwhile, behaviors of the critical currents depending on T conform to each other at high temperatures and they have no connection to 0 h . It shows similar behavior to that found in the junction of the magnetic barrier by Kashiwaya and Tanaka [24] . It is very interesting that the Josephson current changes its sign with increasing temperature at a certain 0 , h for instance, the junction changes from 0 to π states with increasing temperature at 0 = 1.0 h (shown in Fig. 2,c) . On the other hand, with increasing temperature, c I decreases and drops to zero at , c T which expresses the critical temperature of the d-wave superconductor. A phenomenon needed to be especially emphasized is that the critical current is also enhanced by exchange field in the case of strong barrier strength 10 ( =3.0) z and high temperatures for / 4 / 4 π −π junction (shown in Fig. 2,d) .
In Fig. 3 , temperature dependence of the critical current is plotted for junctions with α ≠ β ( = 0, α = / 4). β π It is found that the junction changes from 0 to π states with increasing the exchange field whether strong barrier strength or weak one. It is worth pointing out here that c I increases gradually with increasing of the temperature at low temperature and a certain 0 h (as shown in Fig. 3 ,b 0 = 1.0). h When temperature or 0 h increases, this phenomenon disappears.
Compare the above results, it is found that c I is sensitive to the change of the barrier when = = / 4 α β π or α ≠ β (shown in Figs. 2,c,d and 3 
